Activation of the Rel/NF-B transcription factors was implicated in inhibiting cell death triggered by a variety of stimuli, ranging from radiation to genotoxic agents (9, 10, 38, 61, 62, 71) . This survival response is dependent on the nuclear localization of NF-B, because expression of a physiological inhibitor (IB␣M) suppressed its protective activity. Consistent with this observation, a number of Rel/NF-B target genes have been described as effectors of its antiapoptotic effects (53, 64; reviewed in reference 7). Among them, our group and others previously identified the prosurvival Bcl-2 family member Bfl-1/A1 as an important transcriptional target of NF-B (23, 32, 63, 72) .
bfl-1 gene expression is generally confined to immune cells and tissues, in a pattern similar to that of NF-B itself, and is strongly induced by cytokine stimulation of leukemic, endothelial, and hemopoietic cells (27, 34, 42, 60) . Constitutively elevated levels of bfl-1 transcripts are seen in mature neutrophils and are selectively induced in long-lived peripheral B cells (60) . These observations suggest an important role for Bfl-1 in the survival and selection of distinct subsets of cells in the immune system. Consistent with this hypothesis, Bfl-1 can suppress apoptosis triggered by the proinflammatory cytokine tumor necrosis factor ␣ (TNF-␣), tumor suppressor p53, B-cell receptor aggregation, proapoptotic factors Bax and Bad, and chemotherapeutic agents (13, 15, 17, 23, 25, 26, 31, 44, 49, 60, 63) . Importantly, B and T cells from c-rel Ϫ/Ϫ mice exhibit an absolute defect in the ability to express bfl-1/a1 in response to cell activation (23) . These results emphasize the notion that bfl-1 gene expression is strictly controlled and that NF-B must play a critical role in this process.
The transcription of eukaryotic genes is highly regulated and relies upon the binding of the correct constellation of factors to particular sites within a defined gene locus. For a select number of tightly regulated genes, transcription also depends upon specific DNA-protein and protein-protein interactions in a highly ordered complex referred to as an enhanceosome. This precisely orchestrated complex allows for a limited subset of genes, such as those regulated in a tissue-specific manner, to appropriately respond to a defined group of transcription factors and the multistimulatory environment they inhabit. In this context, synergistic transcriptional activation derives from the cooperative binding of transcription factors and architectural factors to recruit coactivators and basal transcription factors through a novel activating surface (29, 39, 40) . The enhanceosome also provides a platform for the binding of covalent histone modifiers to alter chromatin in a location-specific manner (35) . The best-characterized enhanceosome-regulated genes are those encoding beta interferon (IFN-␤) and T-cell receptor ␣ (TCR␣) (1, 21, 29, 35, 40, 59, 67, 68) .
In prior studies, we showed that various NF-B-inducing stimuli led to upregulation of bfl-1 gene expression in different cells (72) . For instance, bfl-1 transcripts were sharply elevated in human Jurkat T cells activated with phorbol 12-myristate 13-acetate (PMA) plus ionomycin. This activation was dependent on NF-B, because bfl-1 mRNA induction was substantially reduced in cells expressing IB␣M. Here, we have characterized how NF-B regulates bfl-1 gene expression. We show that the sole NF-B DNA-binding site in the 5Ј regulatory region of bfl-1 promotes the cooperative binding of C/EBP␤ and AP-1. In this context, the c-Rel and p50 subunits of NF-B nucleated an enhanceosome-like complex containing NF-B, AP-1, and C/EBP␤ together with chromatin architectural factor HMG-I and transcriptional coactivators. Chromatin immunoprecipitation (ChIP) analyses demonstrated that T-cell activation triggers in vivo recruitment of these factors to the endogenous bfl-1 locus, coincident with histone acetylation. These results indicate that bfl-1 transcription is regulated by an NF-B-dependent enhanceosome-like complex, highlighting the need for a complex and precise regulatory network to control its expression.
MATERIALS AND METHODS
Plasmids and mutagenesis. The Ϫ1374/ϩ83 bfl-1:luc reporter construct was generated by subcloning the Ϫ1374/ϩ83 region of bfl-1 from bfl-1:CAT (72) into the promoterless pGL3 ⅐ Basic reporter (Promega). The Ϫ1374/ϩ83 bfl-1 region was cloned into pALTER-1 (Promega) and subjected to site-directed mutagenesis to inactivate the binding sites for NF-B (Ϫ833 GTTTATTTACC), AP-1 (Ϫ864 GTCCTA), or C/EBP␤ (Ϫ927 TCGCT; Altered Sites Mutagenesis System; Promega) (mutated residues are underlined). Site-directed mutagenesis was used to alter the orientation of the NF-B site in the Ϫ1374/ϩ83 bfl-1 region (rB; 5Ј-GGTAAATCCCC-3Ј), or its phasing by repositioning it ϩ6 or ϩ10 bp toward the transcription start site of bfl-1 (QuickChange Site-Directed Mutagenesis kit; Stratagene). Ϫ933/Ϫ773:Ϫ100/ϩ83bfl-1:luc was generated by amplifying the Ϫ933/Ϫ773 region of bfl-1 with primers 5Ј-CGACGCGTCTCCCGGGTTC AAGCAAT-3Ј and 5Ј-TCGTGCGTAGGCTGTGCGGGCGGATTGCCT-3Ј and amplifying the Ϫ100/ϩ83 region with primers 5Ј-AGGCAATCCGCCCGC ACAGCCTACGCACGA-3Ј and 5Ј-GAAGATCTGCTGCCTGGTGGAGAG CA-3Ј. Products from these reactions were combined with overlap-anneal PCR and cloned in the MluI and BglII sites of pGL3-Basic. pcDNA3:C/EBP␤ (46), pCB6
ϩ :c-jun, pCB6 ϩ :c-fos (5), and CMV␤:p300 (18) were gifts from D. E. Zhang (The Scripps Research Institute), T. Curran (St. Jude Children's Research Hospital), and D. Livingston (Dana Farber Cancer Institute and Harvard Medical School), respectively. pCMV-c-Rel was described previously (66) . Where indicated, pcDNA3.1HisC (Invitrogen) was used as a control.
Cell transfection, luciferase, and CAT assays. The HtTA-1-derived cell line HtTA-CCR43 expressed c-Rel under tetracycline-regulated control (8) . Jurkat E6.1 T-lymphocytic leukemia cells were obtained from the American Type Culture Collection. Endogenous NF-B activity was induced by cell treatment with PMA (50 ng/ml in dimethyl sulfoxide [DMSO]) plus ionomycin (1 M in DMSO) overnight or with DMSO alone as a control. Jurkat T cells (2 ϫ 10 6 ) were transiently transfected with a total of 4 g of DNA with DMRIE-C reagent (4 l; Invitrogen). Where indicated, cells were equally divided into two wells at 24 h posttransfection and treated with PMA plus ionomycin or with DMSO as a control. Cells were harvested at 48 h posttransfection and washed once with phosphate-buffered saline (PBS), and extracts were prepared with 1ϫ passive lysis buffer (Promega). Extracts were normalized for protein content (11) and assayed for luciferase activity by using the Promega luciferase assay reagent on a TD-20/20 luminometer (Turner Designs). Cos-7 cells (1.4 ϫ 10 5 ) were transiently transfected with a total of 6 g of DNA by using calcium phosphate. Cells were harvested 48 h later. Extracts were normalized for protein content, and chloramphenicol acetyltransferase (CAT) activity was assayed on 50 g of total protein for 2 h.
Gel retardation assays. Nuclear extracts from human Jurkat T cells treated with PMA plus ionomycin for 2 or 18 h, or with DMSO as a control, were prepared as described previously (52) . DNA probes consisted of 160-bp wild-type or mutant Ϫ933/Ϫ773 fragments corresponding to the 5Ј regulatory region of bfl-1 cloned into pBLCAT5 (American Type Culture Collection). Fragments were isolated from pBLCAT5 by restriction with XbaI and SalI, 32 P labeled with Klenow enzyme, and used as probes in gel shift assays. Nuclear extracts (3 g) were incubated with DNA probes (4 ϫ 10 4 cpm) in a mixture containing 10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 7.5 mM MgCl 2 , 1 mM EDTA, 5% glycerol, 5% sucrose, 0.1% NP-40, 0.5 g of poly(dI-dC), 5 mM dithiothreitol (DTT), and 0.5 mg of bovine serum albumin (BSA) per ml, and analyzed on 5% native polyacrylamide gels. Where indicated, DNA-protein complexes were supershifted with anti-hc-Rel or anti-p50 antibodies (1136 and 1263, respectively; a gift from N. Rice, ABL-National Cancer Institute, Frederick, Md.), anti-p65, anti-c-Jun, anti-C/EBP␤ (sc-109, -822, and -150; Santa Cruz Biotechnology), anti-p300 (14991A; Pharmingen), or anti-HMGI-C (a gift from K. Chada, Robert Wood Johnson Medical School, Piscataway, N.J.) antibodies. Normal rabbit serum (NRS; Calbiochem) was used as a control.
In competition gel retardation assays, 32 P-labeled probes were incubated with nuclear extracts as described above. After a 30-min incubation, an aliquot of each binding reaction mixture was loaded onto a nondenaturing gel, and a 250-fold molar excess of unlabeled double-stranded oligonucleotide probe containing the C/EBP␤ binding site from the bfl-1 regulatory region (5Ј-CCCGGGTTCAAG CAATTCCCTCTCCTT-3Ј) was added to the binding reaction mixtures. Aliquots were taken at time intervals and loaded onto a native 5% polyacrylamide gel, which was allowed to run between loadings. Bound complexes were quantified with ImageQuant software (Molecular Dynamics).
Northern blot analysis. Total RNA (30 g) was extracted with RNAzol B (TEL-TEST), fractionated on a 1% agarose-formaldehyde gel, and transferred onto a Hybond NX membrane (Amersham). The membrane was baked for 10 min at 80°C under vacuum and UV cross-linked with a Stratalinker (Stratagene). Probes were generated by random priming with Klenow polymerase in the presence of [ 32 P]dCTP and [ 32 P]dGTP (19) . The membrane was hybridized in Perfect Hyb Plus hybridization buffer (Sigma) at 68°C overnight. The membrane was washed twice in a mixture containing 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 0.05% sodium dodecyl sulfate (SDS) at room temperature and twice in 0.1ϫ SSC-0.1% SDS at 50°C, followed by autoradiography.
DNA-protein immunoprecipitation assays. Nuclear extracts (5 g) from HtTA-CCR43 cells uninduced or induced to produce c-Rel upon removal of tetracycline for 96 h were incubated with 32 P-and bromodeoxyuridine (BrdU)-labeled wild-type or mB mutant Ϫ933/Ϫ773 bfl-1 enhancer probes (50 fmol) in a mixture of 20 mM Tris-HCl (pH 7.8), 50 mM NaCl, 10 mM MgCl 2 , 0.1 mM EDTA, 15% glycerol, 2 mM DTT, 0.01% NP-40, 0.1 mM phenylmethylsulfonyl fluoride (PMSF), 100 g of BSA per ml, and 1 g of poly(dI-dC) per 17 l. Binding reactions were subjected to UV cross-linking and immunoprecipitated with anti-c-Jun, anti-C/EBP␤, anti-HMGI-C, or anti-c-Rel antibodies (22) or with normal rabbit immunoglobulin G (IgG) as a control (Calbiochem). Complexes were resolved on SDS-5% polyacrylamide gels.
ChIP assays and real-time PCR analysis. ChIP assays were performed as described (45, 47) with the following modifications. Jurkat T cells (5 ϫ 10 7 ) were treated with PMA plus ionomycin for 2 or 18 h or with DMSO alone as a control. After cross-linking with formaldehyde, chromatin was extracted, sonicated, and purified on CsCl gradients. Fractions containing chromatin were pooled and immunoprecipitated with antibodies specific for c-Rel After washing, cross-linking was reversed, and the precipitated chromatin was extracted with phenol-chloroform. After ethanol precipitation, the DNA was resuspended in water (25 l) and PCR amplified.
In standard PCRs, immunoprecipitated DNA (1 l) was amplified for 25 cycles with Amplitaq (Applied Biosystems). In real-time PCR analyses, immunoprecipitated DNA (1 l) was amplified in 50-l reaction mixtures containing SYBR Green master mix (25 l; Applied Biosystems) and oligonucleotide primers specific for the 5Ј regulatory region of bfl-1 (300 M each; forward, 5Ј-TG GAGACAGAGTCTCGCTCTGTT-3Ј; reverse, 5Ј-GAACCCGGGAGACAGA AGTTG-3Ј), the proximal promoter region of bfl-1 (forward, 5Ј-GGATATTAT AAAGTGATGCAAACAGAAATT-3Ј; reverse, 5Ј-TGAGGCAATGTGCTGA GAATG-3Ј), or the 5Ј regulatory regions of the IB␣ gene (forward, 5Ј-GGCT CATCGCAGGGAGTTT-3Ј; reverse, 5Ј-GAACTGGCTTCGTCCTCTGCTA-3Ј) and the BLR1 chemokine receptor gene (forward, 5Ј-TGAAATGCTTGAC TAGCACTGATG-3Ј; reverse, 5Ј-CGCGACCTGCCTCACAAC-3Ј) as controls. Incorporation of SYBR Green dye into PCR products was monitored in real time with an ABI PRISM 7700 sequence detection system (PE Applied Biosystems), allowing determination of the threshold cycle (C T ) at which exponential amplification of PCR products begins. Each reaction was performed in triplicate. The C T values for PCR products corresponding to individual loci were used to calculate the amount of chromatin immunoprecipitated in each reaction. Relative enrichment over the no-antibody control was first determined for each sample. Relative factor recruitment in PMA-plus ionomycin-treated cells was then normalized to the DMSO control for each antibody. The specificity of DNA amplification by primer pairs was verified by standard PCR (40 cycles) under the cycling conditions used for real-time analysis and evaluated by agarose gel elec- 
RESULTS

T-cell activation induces binding of NF-B, AP-1, C/EBP␤
, HMGI-C, and p300 to the 5 bfl-1 regulatory region. Detailed analysis of a 1.4-kbp genomic fragment comprising the 5Ј regulatory region of bfl-1 revealed consensus binding sites for transcription factors C/EBP␤ (Ϫ927) and AP-1 (Ϫ864) located within 100 bp of the sole NF-B DNA binding motif (Ϫ833) that we previously implicated in regulating bfl-1 transcription (72) (Fig. 1A ). An AT-rich sequence corresponding to the recognition motif for chromatin modeling factor HMG-I (AA TTTTTT) overlapped the putative AP-1 binding site. The binding of endogenous NF-B, AP-1, and C/EBP␤ proteins to the 5Ј bfl-1 regulatory region was investigated with gel retardation assays. Incubation of nuclear extracts from human Jurkat T cells stimulated with PMA plus ionomycin with a 160-bp probe (Ϫ933/Ϫ773) derived from the 5Ј bfl-1 regulatory region induced formation of a large-molecular-weight complex compared to results with extracts from control cells treated with DMSO (Fig. 1B , compare lanes 3 and 12 to lanes 2 and 11). Parallel Northern blot analysis showed that this was correlated with a sharp induction of endogenous bfl-1 transcripts (Fig. 1C , compare lanes 2 and 3 to lane 1). Supershift analyses revealed the presence of endogenous c-Rel, p50, c-Jun, and C/EBP␤ in this complex (Fig. 1B, lanes 4 , 5, 7, and 8, respectively). An antibody specific for chromatin architectural factor HMGI-C supershifted the complex, while an antibody for coactivator p300 interrupted its formation (lanes 13 and 14) . HMGI-C is related to HMG-I(Y), which is found in the IFN-␤ enhanceosome, and enhances NF-B function in a manner similar to HMG-I(Y) (37, 58, 67) . In contrast, antibodies to RelA/p65 and HMG-I(Y) or NRS had no such effect (lanes 6 and 9) (data not shown). These results demonstrate the binding of endogenous NF-B, c-Jun, C/EBP␤, HMGI-C, and p300 proteins to the 5Ј regulatory region of bfl-1 and indicate that the primary NF-B dimer regulating bfl-1 in activated Jurkat T cells is a c-Rel/p50 heterodimer.
NF-B binding to DNA promotes the binding of AP-1, C/EBP␤, HMGI-C, and p300 to the ؊933/؊773 bfl-1 probe. The binding of HMGI-C to the 5Ј regulatory region of bfl-1 and its close proximity to binding sites for NF-B, AP-1, and C/EBP␤ are somewhat reminiscent of the features of its homologue, HMG-I(Y), and transcription factors ATF2/c-Jun, IRF1, and NF-B in the enhanceosome-regulated IFN-␤-positive regulatory domains (36, 39, 43, 59) . We thus explored whether individual mutation of the NF-B, AP-1, and C/EBP␤ sites in the Ϫ933/Ϫ773 bfl-1 probe would affect the binding of the other factors in the complex. The loss of transcription factor binding to the individual mutant sites was confirmed in gel retardation assays (data not shown). In the context of the Ϫ933/Ϫ773 bfl-1 regulatory probe, mutation of the NF-B site alone suppressed induction of the high-molecular-weight DNA-protein complex upon activation of Jurkat T cells with PMA plus ionomycin compared to the DMSO control (mB; Fig. 2A, compare lanes 5 and 6 to lanes 2 and 3) . Surprisingly, mutation of either the unique AP-1 (mAP-1) or C/EBP␤ binding sites (mC/EBP␤) in the Ϫ933/Ϫ773 probe still allowed formation of a DNA-protein complex with a mobility similar to that formed on the wild-type probe (lanes 9 and 12). This raised the possibility that the binding of a c-Rel/p50 heterodimer to the bfl-1 regulatory region may help to nucleate the binding of AP-1 and C/EBP␤ to the probe. Alternatively, the compositions of the DNA-protein complexes on the wildtype and mutant bfl-1 probes may differ despite their apparently similar mobilities.
To discriminate between these two possibilities, the composition of complexes formed on the mutant AP-1 and C/EBP␤ probes was analyzed with supershift assays. Interestingly, cRel, p50, c-Jun, and C/EBP␤ were all found to be present in complexes that formed on both the mAP-1 and mC/EBP␤ Ϫ933/Ϫ773 bfl-1 probes, despite the mutation of their respective DNA recognition sites (Fig. 2B , lanes 4 to 7 and 11 to 14). Similar results were obtained with a Ϫ933/Ϫ773 bfl-1 probe in which the C/EBP␤ and AP-1 sites were mutated simultaneously (mAP-1,C/EBP␤). A high-molecular-weight DNA-protein complex still formed on the mutant probe with the NF-B DNA site as the sole remaining recognition motif (Fig. 2C,  lanes 3 and 12) . As with the wild-type probe, supershift analysis revealed the presence of c-Rel, p50, c-Jun, C/EBP␤, HMGI-C, and p300 in this complex (lanes 4, 5, 7, 8, 13, and 14, respectively). These data indicated that the multiprotein complexes that formed on the mutant bfl-1 probes contained the same transcription factors as the complex bound to the wild-type probe. In conjunction with the data on the mB probe ( Fig.  2A) , these results suggest that efficient complex formation on the 5Ј regulatory region of bfl-1 is dependent on the binding of a c-Rel/p50 heterodimer to the NF-B site. Although we do not rule out the possibility that the high concentration of factors and probe available for in vitro binding may allow proteinprotein interactions to suffice in gel retardation assays, it is also possible that the DNA recognition motifs for AP-1 and C/EBP␤ play a secondary role in vitro. In this scenario, the well-documented protein-protein interactions between NF-B, AP-1, and C/EBP␤ are likely to play an important role in stabilizing the complex (12, 16, 51, (54) (55) (56) 70) . NF-B nucleates the binding of a multiprotein complex containing NF-B, AP-1, C/EBP␤, and HMGI-C to the bfl-1 regulatory region. Since an intact NF-B DNA recognition motif was necessary to promote efficient binding of c-Jun and C/EBP␤ to the Ϫ933/Ϫ773 bfl-1 probe, we went on to test the hypothesis that NF-B participates in recruiting these factors. To this end, we used nuclear extracts from HtTA-CCR43 cells, which conditionally expressed c-Rel under tetracycline-regulated control. Extracts from uninduced cells (ϩtet) or cells induced to express c-Rel (Ϫtet) were tested for endogenous transcription factor binding to the 5Ј regulatory region of bfl-1 in DNA-protein immunoprecipitation assays. After incubation with 32 P-and BrdU-labeled wild-type or mB mutant Ϫ933/ Ϫ773 bfl-1 probes, DNA-protein complexes were subjected to UV cross-linking and immunoprecipitated with antibodies specific for c-Rel, c-Jun, C/EBP␤, or HMGI-C. DNA-bound protein complexes were resolved by SDS-polyacrylamide gel electrophoresis and revealed by autoradiography.
In the absence of c-Rel induction, no DNA-protein complex was immunoprecipitated with any of the antibodies specific for c-Rel, c-Jun, C/EBP␤, or HMGI-C (Fig. 3A, lanes 2, 3, 5 , and 6, respectively), despite the presence of endogenous c-Jun and C/EBP␤ proteins in the cells as detected by Western blotting (ϩtet; Fig. 3B ). In sharp contrast, induction of c-Rel expression upon removal of tetracycline was sufficient to provoke immunoprecipitation of very-large-molecular-mass DNA-protein complexes (Ͼ200 kDa) on the wild-type bfl-1 probe with anti-c-Rel, -c-Jun, -C/EBP␤, or -HMGI-C antibodies (Fig. 3A,  lanes 8, 9, 11 , and 12, respectively). This assay was specific, because no complex was immunoprecipitated with a normal rabbit IgG control (lanes 7 and 10). Moreover, mutation of the To address the orientation requirement, the NF-B site was placed on the opposite strand of the DNA, reversing its orientation with respect to the AP-1 and C/EBP␤ sites in the Ϫ933/Ϫ773 probe (rB). The need for proper phasing was investigated by repositioning the NF-B site 6 or 10 bp away from the AP-1 and C/EBP␤ sites (Bϩ6 and Bϩ10, respectively). This effectively moved the NF-B site one-half or a full helical turn away from the rest of the bfl-1 complex (Fig. 4A) .
Competition gel retardation assays revealed significant differences in the stability of complexes forming on the wild-type and Bϩ10 probes compared to those on the rB and Bϩ6 probes, in which the NF-B binding site is located on the opposite face of the helix. In these assays, DNA-binding reactions on the wild-type, rB, Bϩ6, and Bϩ10 probes were challenged with a 250-fold molar excess of an unlabeled C/EBP␤ competitor oligonucleotide. Aliquots of the binding reaction mixtures were loaded onto a running native gel at intervals following addition of the competitor (Fig. 4B) . As plotted in Fig. 4C , the amount of remaining complex bound to the rB and Bϩ6 probes following addition of competitor was approximately 50% of that of the remaining complexes bound to the wild-type and Bϩ10 probes. This indicated that improper phasing and orientation of the NF-B site with respect to the AP-1 and C/EBP␤ motifs adversely affect the stability of the complex (rB and Bϩ6), in contrast to the wild-type and Bϩ10 probes, in which proper phasing was restored. Similar results were obtained with gel retardation assays performed in the presence of the anionic detergent Sarkosyl (data not shown). Altogether, these data support the premise that proper orientation and phasing of the NF-B dimer relative to the AP-1 (Fig. 5A) . Jurkat T cells cotransfected with a Ϫ1374/ϩ83bfl-1:luc reporter and small amounts of expression vectors for c-Rel or C/EBP␤ alone showed virtually no activation under these conditions, whereas the use of c-Fos and c-Jun (AP-1) led to a modest increase in luciferase activity. However, cotransfection of all three transcription factors to- (data not shown). These results underscore an important role for the Ϫ933/Ϫ773 region in the transcriptional regulation of bfl-1 and demonstrate that this region can function at a distance from or in close proximity to the bfl-1 promoter region to drive gene expression. Consistent with the in vitro DNA-binding studies on mutant bfl-1 probes (Fig. 2) , mutation of the NF-B recognition motif abolished reporter gene activation, whereas mutation of the C/EBP␤ site had no significant effect (Fig. 5C) . Interestingly, mutation of the AP-1 site led to a 50% decrease in activation, suggesting that it is not completely dispensable in vivo. Altogether, these results further emphasize an important role for NF-B in allowing factors to synergize on the bfl-1 promoter.
NF-B, AP-1, and C/EBP␤ have all been shown to interact physically and functionally with transcriptional coactivators p300 and CBP (3, 6, 20, 41, 50) . In light of the critical role of coactivators in regulating the IFN-␤ enhanceosome (40) , the recruitment of p300 to the Ϫ933/Ϫ773 probe raised the possibility of a functional role in the activation of bfl-1. To address this issue, an expression vector for p300 was cotransfected into Jurkat T cells along with expression vectors for c-Rel, c-Jun, c-Fos, C/EBP␤, and the Ϫ1374/ϩ83bfl-1:luc and Ϫ933/Ϫ773: Ϫ100/ϩ83bfl-1:luc reporter constructs. As expected, transfection of p300 alone failed to increase transcription of the Ϫ1374/ϩ83bfl-1:luc reporter (Fig. 5D ). However it doubled activation observed with the combination of NF-B, AP-1, and C/EBP␤ on either the Ϫ1374/ϩ83bfl-1:luc or the Ϫ933/Ϫ773: Ϫ100/ϩ83bfl-1:luc reporter ( Fig. 5D and E) . Combined with the gel shift data presented above, this demonstrates that p300 can synergistically activate transcription from the bfl-1 promoter along with NF-B, AP-1, and C/EBP␤.
T-cell activation induces complex assembly on the 5 regulatory region of bfl-1 in chromatin, leading to coactivator recruitment and histone hyperacetylation. To demonstrate their participation in a physiologically relevant context, in vivo assembly of endogenous factors on the 5Ј regulatory region of bfl-1 was investigated by ChIP. Human Jurkat T cells were activated with PMA plus ionomycin for 2 or 18 h, or with DMSO as a control, and treated with formaldehyde to crosslink endogenous protein-DNA and protein-protein complexes. After sonication, chromatin was immunoprecipitated with factor-specific antibodies followed by quantitative analysis by realtime PCR with primers specific for the 5Ј regulatory region of bfl-1. A representative real-time PCR profile is shown in Fig.  6A . DNA enrichment in antibody-containing samples relative to the no-antibody controls was calculated by using the difference in the average threshold cycle (C T ) from three PCR amplifications for each immunoprecipitation.
T-cell activation led to a strong increase in endogenous c-Rel binding to the 5Ј regulatory region of bfl-1 at the 2-h time point compared to that in the DMSO control (23-fold; (Fig. 1C) (72) . In agreement with the in vitro gel retardation analyses, no binding of p65/RelA to the 5Ј regulatory region of bfl-1 was detected under these conditions (Fig.  6B) . In contrast, p65 was efficiently recruited to the 5Ј regulatory region of the NF-B target gene encoding IB␣ in control ChIP assays (Fig. 6C) . Akin to c-Rel, binding of endogenous c-Jun and C/EBP␤ to the bfl-1 regulatory region was also sharply induced upon T-cell activation compared to that in DMSO-treated cells (ϳ20-fold; Fig. 6B ). While detection of c-Rel and c-Jun was reduced at the 18-h time point, that of C/EBP␤ remained strong. Since efficient binding of c-Rel to DNA was detected at 2 and 18 h poststimulation in in vitro gel retardation assays, coincident with bfl-1 transcript expression ( Fig. 1B and C) (data not shown), it is possible that in the context of chromatin, some epitopes in c-Rel may become masked at later time points, thereby precluding its efficient detection by ChIP at 18 h (Fig. 6B) . The fact that a different anti-c-Rel antibody could detect sevenfold more c-Rel bound at the bfl-1 locus in cells activated for 18 h compared to the level in the DMSO control is consistent with this hypothesis (data not shown). Concomitant with the recruitment of c-Rel, c-Jun, and C/EBP␤, recruitment of architectural factor HMGI-C was observed at 2 h and was further increased at 18 h poststimulation (Fig. 6B) . The specificity of these analyses was confirmed in control ChIP assays examining factor recruitment to the 5Ј regulatory region of the gene for chemokine receptor BLR1, a B-cell-specific NF-B target that is not expressed in Jurkat T cells (2, 65) . As anticipated, little or no recruitment of c-Rel, c-Jun, or C/EBP␤ to the BLR1 locus was observed following T-cell stimulation (Fig. 6C) . Combined, these results demonstrate efficient in vivo recruitment of endogenous c-Rel, c-Jun, C/EBP␤, and HMGI-C proteins to the 5Ј regulatory region of bfl-1 in response to T-cell activation.
In vivo assembly of c-Rel, c-Jun, C/EBP␤, and HMGI-C at the bfl-1 locus coincided with preferential recruitment of transcriptional coactivators TAFII250 and p300, but not the closely related coactivator CBP or associated factor P/CAF (Fig. 6D) . Moreover, coactivator binding to the complex was correlated with transient recruitment of the BRG-1 ATPase component of the SWI/SNF remodeling complex and general transcription factors TBP and TFIIB at the proximal promoter region of bfl-1 (Fig. 6E) . Importantly, the presence of acetyltransferases p300 and TAFII250 in the complex was correlated with hyperacetylation of histones H3 and H4 (Fig. 6F) . As with the IFN-␤ enhanceosome, acetylation of histone H4 was transient and was dramatically reduced at the 18-h time point when TAFII250 was no longer present. In contrast, association of coactivator p300 with the bfl-1 locus was sharply elevated at 18 h poststimulation and was rather correlated with hyperacetylation of histone H3. Altogether, these studies in the context of intact chromatin demonstrate that T-cell activation provokes the in vivo binding of NF-B, AP-1, C/EBP␤, and HMGI to the bfl-1 regulatory region and recruitment of histone acetyltransferases, chromatin remodeling complex SWI/ SNF, and basal transcription factors. In conjunction with our gel retardation, DNA coimmunoprecipitation, and transactivation assays, these findings support a model in which NF-B promotes assembly of an enhanceosome-like complex to acetylate histones and induce bfl-1 gene expression upon lymphoid cell activation (Fig. 7) .
DISCUSSION
The transcriptional regulation of eukaryotic genes is an intricate process. Nucleosomes, ATP-dependent chromatin remodeling factors, covalent chromatin modifiers, and sequencespecific DNA-binding proteins play key roles in determining whether a particular transcript is expressed or not (reviewed in reference 33). This complexity is reflected in the enhanceosome mechanism, described in detail for the IFN-␤ gene (40, 58, 59, 67, 68) . Our description here of the assembly of an NF-B-dependent enhanceosome-like complex on the bfl-1 promoter is the first to suggest an enhanceosome mechanism to control transcription of a cell death inhibitor. The NF-B-mediated regulation of bfl-1 can be defined as enhanceosome-like based on (i) the cooperativity in transcription factor binding observed in gel retardation, protein-DNA immunoprecipitation, and ChIP assays; (ii) extensive protein-protein interactions highlighted by the ability of NF-B to recruit and anchor AP-1, C/EBP␤, HMGI-C, and p300 on the DNA; and (iii) synergy in transactivation between these transcription factors and with transcriptional coactivators.
The IFN-␤ enhanceosome complex is dependent on the orientation of individual transcription factor binding sites (29, 59) . Here, we have examined the requirements for formation of the bfl-1 enhanceosome-like complex and the subsequent events that occur in vivo. While the IFN-␤ enhanceosome is proximal to the transcription start site, the bfl-1 enhanceosome is located distally. However, repositioning the Ϫ933/Ϫ773 regulatory region in proximity to the core bfl-1 promoter retained 40 to 50% activity in response to PMA plus ionomycin compared to the wild type Ϫ1374/ϩ83 bfl-1 reporter. Supershift and gel retardation assays revealed a dependence on proper orientation and phasing of the NF-B site in the bfl-1 regulatory region for optimal stability of the complex. Relocation of this site to the opposite face of the helix, by reversing its orientation or moving it by half of a helical turn, destabilized the complex. The fact that complexes could assemble on mutant rB and Bϩ6 probes was not entirely unexpected, since gel retardation assays indicated that an intact NF-B site was sufficient to allow efficient complex formation on Ϫ933/Ϫ773 probes in vitro. These findings are reminiscent of the transcriptionally active enhanceosome-like complex that assembles on the nur77 promoter, which depends on intact DNA binding of MEF2D but does not require the DNA-binding activity of the synergistically acting transcription factor NFATp. In this context, NFATp acted as a coactivator for MEF2D (69) . Although DNA contact with AP-1 and C/EBP␤ was not absolutely required for in vitro formation of the complex on the Ϫ933/Ϫ773 bfl-1 probe when NF-B was present, our transactivation assays with the mAP-1 mutant reporter suggest that in a natural context, cooperative protein-protein and protein-DNA interactions involving the NF-B and AP-1 binding sites are likely to be involved in efficient formation of the complex and optimal activation of bfl-1 gene expression in vivo.
ChIP analysis of endogenous factor recruitment to the bfl-1 regulatory region in intact chromatin demonstrated induction of c-Rel, c-Jun, and C/EBP␤ binding to the bfl-1 locus upon T-cell activation, in agreement with our in vitro data. These studies also revealed selective recruitment of coactivators p300 and TAFII250 and a sharp induction in histone acetylation at the bfl-1 locus. While further studies are needed to establish the precise timing of factor recruitment to the bfl-1 regulatory region, it is intriguing to note the transient binding of TAFII250, BRG-1 (SWI/SNF), TBP, and TFIIB. Whereas binding of these factors was sharply elevated at the 2-h time point, their detection had declined to basal levels by 18 h. Although it is not possible at this time to distinguish between departure of the factors and epitope masking at the later time point, these data may suggest interesting differences between coactivators TAFII250 and p300 in regulating factor recruitment, histone modification, and bfl-1 gene expression in response to cell activation. Together, our data highlight interplay between the factors that regulate bfl-1 through specific proteinprotein and protein-DNA interactions and support a model in which NF-B promotes assembly of an enhanceosome-like complex to acetylate histones and induce chromatin remodeling to promote bfl-1 expression upon lymphoid cell activation (Fig. 7) . Our finding that bfl-1 gene expression may involve an NF-B-dependent enhanceosome-like complex is physiologically relevant, because it is consistent with and provides an explanation for the failure of B and T cells from c-Rel knockout mice to express endogenous bfl-1/a1 upon cell activation (23) . In this regard, similar binding sites for AP-1, C/EBP␤, and HMG-I are found in close proximity to the unique NF-B recognition motif in the 5Ј regulatory region of the mouse a1 gene. Our findings are also consistent with prior studies from our group and others showing that stable expression of a dominant-negative form of IB␣ repressed endogenous bfl-1/a1 transcription (15, 31, 44, 63, 72) . Our in vitro and in vivo analyses indicating that the major NF-B dimer that controls bfl-1 gene expression in activated Jurkat T cells is a c-Rel/p50 heterodimer agree with prior studies indicating basal expression of endogenous bfl-1/a1 in mouse WEHI-231 B cells, in which endogenous nuclear NF-B complexes consist of c-Rel/ p50 heterodimers (72). However, it is possible that RelA might contribute to bfl-1 gene expression in other cell types or in response to particular stimuli. Although we do not rule out the possibility that other transcription factors binding to sites that lie outside of the Ϫ933/Ϫ773 bfl-1 regulatory region may also participate in regulating bfl-1, our studies revealed a critical role for NF-B in this process.
The coordinated involvement of AP-1, C/EBP␤, and NF-B in bfl-1 gene expression implies an important role for Bfl-1 in rescuing cells from apoptosis in the immune system. Indeed, pairwise combinations of these factors act synergistically with one another in regulating expression of many genes involved in the acute phase of inflammation. Their combination is also responsible for activation of the inflammatory cytokines interleukin 1 (IL-1), IL-6, and TNF-␣ (24, 30, 57, 70) . Architectural factor HMGI-C was implicated in enhancing NF-B-mediated transcription and is rearranged in mesodermally derived tumors, such as B-and T-cell leukemias (4, 37) . The strong induction of bfl-1 transcripts by proinflammatory cytokines in endothelial, leukemic, and hemopoietic cells is consistent with a role in protecting them from apoptotic extinction (14, 27, 34, 42) . The observation that Bfl-1/A1 gene expression is also sharply induced in mature B cells that have entered the longlived pool highlights its possible contribution to cell survival during negative selection (60) . In this context, Bfl-1 might be viewed as a key determinant of cell fate for immature peripheral B cells.
Elevated bfl-1 gene expression was reported in several human cancers (28, 48) . Moreover, cell treatment with the chemotherapeutic drug etoposide elevated bfl-1 transcripts in HT1080 fibrosarcoma cells, and this elevation was in turn responsible for their resistance to the killing effects of this drug (49, 63) . Our findings that bfl-1 gene regulation is a multicomponent affair suggest that the engagement of signaling pathways leading to activation of NF-B, AP-1, and C/EBP␤ may need to be monitored to avoid desensitizing oncogenic cells to chemotherapeutic treatment. We have presented here the first evidence of an enhanceosome-like mechanism regulating expression of an antiapoptotic gene. It is not unreasonable to propose that other cell death regulators may be controlled in this manner, given the potentially devastating consequences associated with their inappropriate expression. Since NF-B regulates a number of antiapoptotic genes and is involved in several different enhanceosome complexes, NF-B-dependent enhanceosome control of other anti-or proapoptotic genes may come to light. Future studies will help to elucidate how their transcriptional regulation is controlled in normal cells and in cancer cells.
